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Motility-induced wall aggregation of Active Brownian Particles (ABPs) is a well-studied phe-
nomenon. Here, we study the aggregation of ABPs on porous walls, which allows the particles to
penetrate through at large motility. We show that the active aggregates undergo a morphological
transition from a connected dense-phase to disconnected droplets with an increase in wall porosity
and the particle self-motility, similar to wetting-dewetting transitions in equilibrium fluids. We show
that both morphologically distinct states are stable, reversible, and independent of initial conditions.
Our analysis reveals that changes in wall porosity affect the intrinsic properties of the aggregates
and changes the effective wall-aggregate interfacial tension, consistent with the appearance of the
morphological transition. Accordingly, a close analysis of the density, as well as orientational dis-
tribution, indicates that the underlying reason for such morphological transitions is not necessarily
specific to the systems with porous walls, and it can be possible to observe in a larger class of
confined, active systems by tuning the properties of confining walls.
Active matter is a prominent class of non-equilibrium
systems where microscopic autonomous motion leads to
distinct types of collective ordering [1–3]. Such non-
equilibrium ordering is ubiquitous in a range of biologi-
cal [4–13], as well as synthetic systems [14–23]. A partic-
ular kind of non-equilibrium ordering observed in active
matter is the Motility induced phase separation (MIPS),
where active elements segregate into a dense and to a
dilute phase without any cohesive interactions [24–32].
Despite being an intrinsically non-equilibrium process,
MIPS shows striking similarities to equilibrium liquid-gas
phase coexistence. Due to this property, several concepts
of equilibrium statistical physics, such as pressure [33–
44], surface tension [45–50], and chemical potential [51–
54] have been applied to describe MIPS. In the presence
of non-adhesive walls, a formation of dense-phase of ac-
tive particles is observed on the wall surface as the wall
reduces particle motility [55–58].
Active particle aggregation on solid surfaces has a spe-
cial interest in the context of understanding microbial
dynamics near walls [59, 60], and formation of biofilms
[29, 61–63]. It has been shown recently that the reori-
entation rate of active particles changes the wall aggre-
gation properties [57, 58]. The nature of wall aggrega-
tion can also be changed by tuning the wall orientations,
which can be utilized for trapping and sorting of active
particles[64–68]. In most theoretical studies, the static
wall is considered to be smooth and impenetrable. While
this assumption is valid for many cases, there are prac-
tically relevant scenarios such as active particle penetra-
tion through cell membranes, where the penetrability of
walls cannot be neglected [69, 70].
In this article, we numerically study the dynamics of
Active Brownian particles (ABPs) in the presence of a
rigid and porous wall. We show that the dense-phase
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FIG. 1. Examples of a connected dense-phase (CDP) (a)
(Pe = 120, δ = 1.59) (ESM-Movie§1) and (b) discon-
nected droplets (Pe = 240, δ = 1.85) (ESM-Movie§2) with
N = 249500. Time evolution of the vacancy fraction (frac-
tion of cluster free region) on the wall (`) at N = 39800 for (c)
δ = 1.85, Pe = 240, all the individual trajectories eventually
converge to droplets with ˜` ' 0.4 with late-time transitions
(ESM-Movie§3). (d) δ = 1.69, Pe = 120, all the trajectories
form continuous clusters (` = 0) with a few late-time transi-
tions (ESM-Movie§4), and (e) δ = 1.85, Pe = 200, showing
robust bistable behaviour with 26 out of 40 simulations con-
verging into CDP. The grey lines represent individual simula-
tions, red lines are the average ` over discontinuous droplets,
and violet lines represent the average ` over the runs that
form CDP. The blue line in (c) and (d) denotes a typical
transitioning trajectory.
on the wall surface displays two morphologically distinct
states, a connected dense-phase (CDP), where the dense-
phase spreads entirely on the wall (Fig 1(a)) (Movie§1)),
and disconnected droplets (Fig. 1(b)) (Movie§2)) where
complete spreading is prevented by the formation of
multiple finite-sized aggregates with a macroscopically
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FIG. 2. State diagram for different pore sizes δ and motility
via Pe. Four different behaviors can be visualised here as (i)
negligible clusters (•) with Nc . 0.1, (ii) connected dense-
phase (), (iii) bistable behaviour () and (iv) disconnected
droplets (N). This was done for N = 9900 active particles
for 5 independent runs. The color coding denotes the cluster
fraction, Nc. Dashed curve is a guide for the eye.
curved interface. We observe that the transition from
one morphological state to the other happens when either
the pore size or the parti l motility is varied. Also, for
a large enough ABP motility, changing the wall porosity
alone leads to a morphological transition. To analyze this
phenomenon, we calculate the mechanical tension at the
solid-liquid interface, following the method used in equi-
librium interfaces [71, 72], recently extended for active
systems [45, 46]. We show that the preference to form
disconnected droplets over a connected dense-phase con-
curs with an increase in solid-liquid interfacial tension,
since the wall changes internal properties of the dense-
phase.
We study a two-dimensional system of N disk-like par-
ticles in a square simulation box (length L) with periodic
boundary conditions. The particles interact via short-
ranged repulsive, Weeks-Chandler-Anderson (WCA) [73]
potential, The porous wall is modelled by linearly arrang-
ing static ‘wall’ particles at a uniform separation d at the
center of the simulation box along the x direction (at y =
L/2). The particle-wall interaction Upw is also modeled
by WCA potential. The dynamics of the ith particle’s
position ri is governed by,
r˙i = −µ∇i (Upp + Uwp) + v0eˆi +
√
2Dηi, (1)
D = µkBT , is the diffusion coefficient, and η is Gaus-
sian white noise such that 〈η(t)〉 = 0 and 〈ηiα(t)ηjβ(t′) =
δijδαβδ(t − t′). The self-propulsive speed v0, acts along
eˆi = (cos θi, sin θi), where θi evolves as θ˙i =
√
2Drη
R
i
where Dr = 3D/σ
2, is the rotational diffusion coeffi-
cient. We measure the distances in unit of WCA param-
eter σ, time in τ = σ2/D, and energy in kBT . We pa-
rameterize the activity by a dimensionless Pe´clet number
Pe = v0σ/D and porosity by δ = d/σ. The system size
is varied from N = 9900 to 249500, but we conduct most
of the analysis at N = 9900 and N = 39800. We run the
simulations maximum up to time 1400τ with simulation
time step 10−5τ . Each parameter values are examined up
to 120 independent simulations. For all the simulations,
we choose the area fraction φ = 0.3, in order to avoid
the phase separation away from the wall [24, 25]. When
δ < 1, the steric hindrance due to wall particles does not
permit ABPs to penetrate through the wall, leading to
a dense-phase formation of ABPs on the wall at large
enough Pe. On the other hand, when δ  1, ABPs pen-
etrate through the wall with minimal resistance, hence
no particle aggregation on the wall. For 1.0 . δ . 2.0,
the pores only permit a single ABP to pass at a time,
which can cause oppositely moving particles to clog at
the pores, causing a dense-phase formation. We focus
our study at this intermediate range of δ.
To quantify the steady-state properties of the dense-
phase, we calculate the fraction of ABPs that are part
of the dense-phase, which we call the cluster fraction,
Nc ([74]). Subsequently, we calculate the local ‘height’
(h(x)) of the dense-phase on the wall, from the y coor-
dinate of the ABP within the dense-phase at the largest
y separation from a given point x on the wall. These
measurements also provide the location of the interface
between the dense-phase and the dilute phase ([74]).
When the dense-phase uniformly spreads (forms CDP)
on the wall, h 1 everywhere (Fig 1(a)), while localized
dense-phases (droplets) leave ‘empty’ regions with h ' 0
(Fig 1(b)). Thus, we use the fraction of empty region on
the wall (`) as an identifier for different dense-phase mor-
phologies. Considering the fluctuation in ` at transition
points, we identify the dense-phase to be con[74]nected
if ` < 0.1. Fig 1(c-e) indicates the temporal evolution
of the cluster for various parameters via `. For most
parameters, the dense-phase geometry converges either
to stable CDP (` ' 0) or to stable droplets (` & 0.3)
within a relatively short time (t < 10). However, in a
few cases, the cluster shape shows a probabilistic behav-
ior for a finite duration such that a major fraction of the
independent simulations converge to CDP while the re-
maining simulations show droplet formation. In many
such cases, we observe late-time transitions from CDP to
droplets (Fig 1(c), [74]-MOVIE§3) or in the reverse direc-
tion (Fig 1(d), [74]-MOVIE§4) leading to convergence to
one of the two states. However, we also observed that for
a narrow range of parameters, these late-time transitions
become exceedingly rare, and the clusters show a robust
bistable behavior (Fig 1(e)).
In Fig. 2, we summarise the properties of ABP con-
densate as a function of δ and Pe for N = 9900. For
δ . 1.5, we only observe CDP formation at large enough
Pe. At a higher porosity (δ & 1.6), the ABPs also form
droplets. The bistable behaviour is observed in the range
of 1.59 & δ & 1.85 at high Pe. We have also analyzed the
dependence of these morphological states on finite system
sizes for selected parameter values corresponding to both
the morphological states. We have found that both CDP
and droplets persist for all the system sizes. However,
the bistable region in the phase diagram shifts to differ-
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FIG. 3. Vacancy fraction, ` as a function of time for (a)
nucleation ‘seed’ placed after L/4 at δ = 1.85 and Pe = 240.
The seeds induced CDP, (` ' 0) transforms to droplets
(` ' 0.4) (ESM-Movie§5). (b) Time evolution of ` for a time-
dependant particle motility at δ = 1.85. At t = 0 the dense-
phase form droplets (` ' 0.4). The simulations converge to
CDP (` = 0) within t < 70 at Pe = 120. At t = 100 (red ver-
tical line) the motility is escalated to Pe = 240, causing CDP
to transfrom to droplets (ESM-Movie§6). These simulations
were run for N = 39800 for 40 independent runs. The grey
lines are the trajectories from individual simulations and the
blue line is an example of a simulation trajectory.
ent parameter values when the system size is increased.
([74]).
Cluster stability and reversibility: To verify that the
droplet states are genuine, not a transient state which
slowly evolves to a CDP, we conduct the following tests.
First, we artificially induce CDP for parameters where
dense-phase form droplets, by placing nucleation ‘seeds’
at regular intervals. These seeds are planted by block-
ing two adjacent pores on the wall in such a way that
they close a region of length 3σ + 2δ. Placing the seeds
on the wall reduces d locally and induces local dense-
phase formation. In Fig 3(a) we plot the fraction of
empty region on the wall (`) for 40 independent runs
with δ = 1.85σ, Pe = 240 with seed separation L/4
(∼ 80σ). When the seeds are sufficiently close, these
local clusters merge together to form CDP. Initially, `
drops to zero within a short time (t . 20), indicat-
ing the formation of a seed-induced CDP in all the 40
runs. However, at later times, all the continuous clus-
ters spontaneously switch to droplets as ` converges to a
non-zero value (Fig 3(a), [74]-Movie§5), indicating that
CDP is unstable for these parameters and droplets are
indeed the preferred state. If the droplet states were
transient and CDP is the globally preferred state, the
induced CDP would have remained stable in these sim-
ulations. However, the late-time transitions from CDP
to droplets in these simulations assert the robustness of
the droplet states. Repeated tests at smaller seed sep-
arations (L/5) also show similar behaviour. To further
verify the robustness of both the morphological state, we
also study the coarsening behaviour of the aggregates of
these states by calculating the size of the largest clus-
ter as a function of time [24] ([74]). In all these cases,
we do not observe any increase in the aggregate size be-
yond t ' 10 where a single large cluster is formed, again
confirming that cluster morphologies are not transient
states. Next, we study the time-evolution of aggregates
by varying the particle motility with time (Fig 3(b)). We
choose a droplet as an initial configuration and conduct
the simulation for Pe and δ where CDP is apparently sta-
ble. The time-evolution of ` (Fig 3(b) and [74]-Movie§6)
in such a simulation for δ = 1.85 at Pe = 120 indicates
that the initial droplets transform into CDP, as ` drops
to zero within a relatively short time, t < 70. After-
wards, at t = 100 (vertical line in Fig 3(b)), motility is
increased to a higher value (Pe = 240). We find that
the CDP destabilizes at this motility and transforms to
droplets. These tests confirm the motility dependence
of of both the morphological states. Also, these results
show that a time-dependent motility dynamically alters
the dense-phase morphology on the wall.
Wall-liquid interfacial tension: The ABP aggregation
on the wall leads to the formation of at least two dif-
ferent types of interfaces, one at the boundary between
dense(liquid) and the dilute(vapor) phases and the sec-
ond one separating the wall and the liquid phase. It
has been shown previously that the presence of inter-
faces changes the mechanical stress distribution in active-
materials [45, 46]. To understand the modifications in
stress distributions due to walls, we calculate the compo-
nents of the pressure tensor as a function of the distance
from the wall. The self propulsion of ABPs contributes
to the swim pressure,
p
(s)
αβ(y) =
1
2Lδy
〈
∑
iδy
jiαviβ〉, (2)
where 〈.〉 indicates time-average within rectangular bins
of width δy aligned parallel to the wall and to the in-
terfaces, α, β are the Cartesian components. ji denotes
the active impulse given by v0eˆi/µDr and vi the velocity
of the i-th particle [35, 44]. The stress caused by inter-
particle interactions Fij , separated by a distance rij is
given as,
p
(I)
αβ(y) =
1
2Lδy
〈
∑
(i/j)δy
Fijαrijβ〉, (3)
Extending the equilibrium studies [72], the stress due to
wall interaction Fiw is,
p
(w)
αβ (y) =
1
Lδy
〈
∑
i
Fiwαriwβ〉, (4)
When the dense-phase forms CDP, the non-vanishing,
diagonal components pxx and pyy become the tangential
(pT ) and the normal (pN ) components to the interfaces.
In the limit of large Pe, we neglect the thermal stress
contributions.
To understand the effect of wall properties in the
dense-phase morphology, we compare the pressure distri-
bution for the same Pe, but at different δ, where we ob-
serve contrasting aggregate morphology. Thus, we closely
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<latexit sha1_base64="oNspR0 fUhlr5v9NyMjTjvCp/A4Y=">AAAB83icbVDLSsNAFL3xWeur6tLNYBHc WBIrPnZFNy4r2Ae0oUymk3boZBJmJkoI/Q03LhRx68+482+cpEHUeuDC 4Zx7ufceL+JMadv+tBYWl5ZXVktr5fWNza3tys5uW4WxJLRFQh7Kroc V5UzQlmaa024kKQ48Tjve5DrzO/dUKhaKO51E1A3wSDCfEayN1E/QMUo G6QPmfDqoVO2anQPNE6cgVSjQHFQ++sOQxAEVmnCsVM+xI+2mWGpGOJ 2W+7GiESYTPKI9QwUOqHLT/OYpOjTKEPmhNCU0ytWfEykOlEoCz3QGWI /VXy8T//N6sfYv3JSJKNZUkNkiP+ZIhygLAA2ZpETzxBBMJDO3IjLGEh NtYirnIVxmOPt+eZ60T2pOvVa/Pa02roo4SrAPB3AEDpxDA26gCS0gE MEjPMOLFVtP1qv1NmtdsIqZPfgF6/0Ln6aRjw==</latexit>
(a)
<latexit sha1_base64="IUAiikUnrsRn RgSCypggnaMIqZc=">AAAB6nicbVDLSsNAFL2pr1pfVZduBotQNyWx4mNXdOOyon1AG 8pkOmmHTiZhZiKU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwtLyyulZcL 21sbm3vlHf32iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJtep33mgUrFQ3OtpRN0A jwTzGcHaSHdVfDwoV+yanQEtEicnFcjRHJQ/+sOQxAEVmnCsVM+xI+0mWGpGOJ2V+rG iESYTPKI9QwUOqHKT7NQZOjLKEPmhNCU0ytSfEwkOlJoGnukMsB6rv14q/uf1Yu1fuA kTUaypIPNFfsyRDlH6NxoySYnmU0MwkczcisgYS0y0SaeUhXCZ4uz75UXSPqk59Vr99 rTSuMrjKMIBHEIVHDiHBtxAE1pAYASP8AwvFreerFfrbd5asPKZffgF6/0LoXONgQ==< /latexit>
(b)
<latexit sha1_base64="nvmtgWEx7qw PdQ+Ek+1IsFecZyE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWtB /QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2 t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfz SRBP6JDyUPOqLHSQzU475crbs2dg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDG cCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT /vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6q Hluzbu/rNRv8jiKcAKnUAUPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/A GKMI1L</latexit><latexit sha1_base64="nvmtgWEx7qw PdQ+Ek+1IsFecZyE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWtB /QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2 t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfz SRBP6JDyUPOqLHSQzU475crbs2dg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDG cCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT /vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6q Hluzbu/rNRv8jiKcAKnUAUPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/A GKMI1L</latexit><latexit sha1_base64="nvmtgWEx7qw PdQ+Ek+1IsFecZyE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWtB /QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2 t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfz SRBP6JDyUPOqLHSQzU475crbs2dg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDG cCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT /vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6q Hluzbu/rNRv8jiKcAKnUAUPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/A GKMI1L</latexit><latexit sha1_base64="nvmtgWEx7qw PdQ+Ek+1IsFecZyE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWtB /QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2 t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfz SRBP6JDyUPOqLHSQzU475crbs2dg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDG cCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT /vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6q Hluzbu/rNRv8jiKcAKnUAUPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/A GKMI1L</latexit>
(c)
<latexit sha1_base64="wRjF1YNS+iQ Eo080jDUCrfP6d/Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWtB /QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2 t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfz SRBP6JDyUPOqLHSQ5Wd98sVt+bOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhj OB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ /Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmld1 Dy35t1fVuo3eRxFOIFTqIIHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/g CLtY1M</latexit><latexit sha1_base64="wRjF1YNS+iQ Eo080jDUCrfP6d/Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWtB /QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2 t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfz SRBP6JDyUPOqLHSQ5Wd98sVt+bOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhj OB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ /Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmld1 Dy35t1fVuo3eRxFOIFTqIIHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/g CLtY1M</latexit><latexit sha1_base64="wRjF1YNS+iQ Eo080jDUCrfP6d/Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWtB /QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2 t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfz SRBP6JDyUPOqLHSQ5Wd98sVt+bOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhj OB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ /Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmld1 Dy35t1fVuo3eRxFOIFTqIIHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/g CLtY1M</latexit><latexit sha1_base64="wRjF1YNS+iQ Eo080jDUCrfP6d/Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWtB /QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2 t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfz SRBP6JDyUPOqLHSQ5Wd98sVt+bOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhj OB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ /Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmld1 Dy35t1fVuo3eRxFOIFTqIIHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/g CLtY1M</latexit>
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<latexit sha1_base64="19J3qZB9v87oxwLVFYSsibCEAEM=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpJliEurAkIuiy6MaVVOgN2hom00k7dDIZZiZCCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmT8QjCrtut/Wyura+sZmYau4vbO7t28fHLZUnEhMmjhmsewESBFGOWlqqhnpCElQFDDSDsY303r7kUhFY97QqSD9CA05DSlG2li+XRL+3UNWUaeTM+E35uTbZbfqzuQsg5dDGXLVffurN4hxEhGuMUNKdT1X6H6GpKaYkUmxlygiEB6jIeka5Cgiqp/Njp84J8YZOGEszePambm/JzIUKZVGgemMkB6pxdrU/K/WTXR41c8oF4kmHM8XhQlzdOxMk3AGVBKsWWoAYUnNrQ4eIYmwNnkVTQje4peXoXVe9dyqd39Rrl3ncRTgCI6hAh5cQg1uoQ5NwJDCM7zCm/VkvVjv1se8dcXKZ0rwR9bnD4rWlAo=</latexit><latexit sha1_base64="19J3qZB9v87oxwLVFYSsibCEAEM=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpJliEurAkIuiy6MaVVOgN2hom00k7dDIZZiZCCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmT8QjCrtut/Wyura+sZmYau4vbO7t28fHLZUnEhMmjhmsewESBFGOWlqqhnpCElQFDDSDsY303r7kUhFY97QqSD9CA05DSlG2li+XRL+3UNWUaeTM+E35uTbZbfqzuQsg5dDGXLVffurN4hxEhGuMUNKdT1X6H6GpKaYkUmxlygiEB6jIeka5Cgiqp/Njp84J8YZOGEszePambm/JzIUKZVGgemMkB6pxdrU/K/WTXR41c8oF4kmHM8XhQlzdOxMk3AGVBKsWWoAYUnNrQ4eIYmwNnkVTQje4peXoXVe9dyqd39Rrl3ncRTgCI6hAh5cQg1uoQ5NwJDCM7zCm/VkvVjv1se8dcXKZ0rwR9bnD4rWlAo=</latexit><latexit sha1_base64="19J3qZB9v87oxwLVFYSsibCEAEM=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpJliEurAkIuiy6MaVVOgN2hom00k7dDIZZiZCCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmT8QjCrtut/Wyura+sZmYau4vbO7t28fHLZUnEhMmjhmsewESBFGOWlqqhnpCElQFDDSDsY303r7kUhFY97QqSD9CA05DSlG2li+XRL+3UNWUaeTM+E35uTbZbfqzuQsg5dDGXLVffurN4hxEhGuMUNKdT1X6H6GpKaYkUmxlygiEB6jIeka5Cgiqp/Njp84J8YZOGEszePambm/JzIUKZVGgemMkB6pxdrU/K/WTXR41c8oF4kmHM8XhQlzdOxMk3AGVBKsWWoAYUnNrQ4eIYmwNnkVTQje4peXoXVe9dyqd39Rrl3ncRTgCI6hAh5cQg1uoQ5NwJDCM7zCm/VkvVjv1se8dcXKZ0rwR9bnD4rWlAo=</latexit><latexit sha1_base64="19J3qZB9v87oxwLVFYSsibCEAEM=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpJliEurAkIuiy6MaVVOgN2hom00k7dDIZZiZCCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmT8QjCrtut/Wyura+sZmYau4vbO7t28fHLZUnEhMmjhmsewESBFGOWlqqhnpCElQFDDSDsY303r7kUhFY97QqSD9CA05DSlG2li+XRL+3UNWUaeTM+E35uTbZbfqzuQsg5dDGXLVffurN4hxEhGuMUNKdT1X6H6GpKaYkUmxlygiEB6jIeka5Cgiqp/Njp84J8YZOGEszePambm/JzIUKZVGgemMkB6pxdrU/K/WTXR41c8oF4kmHM8XhQlzdOxMk3AGVBKsWWoAYUnNrQ4eIYmwNnkVTQje4peXoXVe9dyqd39Rrl3ncRTgCI6hAh5cQg1uoQ5NwJDCM7zCm/VkvVjv1se8dcXKZ0rwR9bnD4rWlAo=</latexit>
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<latexit sha1_base64="vYYpiMEMXR/6nUet8aiuhXyBB54=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN8Ei1IVlRgRdFt24kgq9QTsOmTTThmYyIckow1BfxY0LRdz6IO58G9N2Ftr6Q+DjP+dwTv5AMKq043xbhZXVtfWN4mZpa3tnd8/eP2irOJGYtHDMYtkNkCKMctLSVDPSFZKgKGCkE4yvp/XOA5GKxrypU0G8CA05DSlG2li+XRb+7X1WfTyZnAq/OSffrjg1Zya4DG4OFZCr4dtf/UGMk4hwjRlSquc6QnsZkppiRialfqKIQHiMhqRnkKOIKC+bHT+Bx8YZwDCW5nENZ+7viQxFSqVRYDojpEdqsTY1/6v1Eh1eehnlItGE4/miMGFQx3CaBBxQSbBmqQGEJTW3QjxCEmFt8iqZENzFLy9D+6zmOjX37rxSv8rjKIJDcASqwAUXoA5uQAO0AAYpeAav4M16sl6sd+tj3lqw8pky+CPr8weXLpQS</latexit><latexit sha1_base64="vYYpiMEMXR/6nUet8aiuhXyBB54=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN8Ei1IVlRgRdFt24kgq9QTsOmTTThmYyIckow1BfxY0LRdz6IO58G9N2Ftr6Q+DjP+dwTv5AMKq043xbhZXVtfWN4mZpa3tnd8/eP2irOJGYtHDMYtkNkCKMctLSVDPSFZKgKGCkE4yvp/XOA5GKxrypU0G8CA05DSlG2li+XRb+7X1WfTyZnAq/OSffrjg1Zya4DG4OFZCr4dtf/UGMk4hwjRlSquc6QnsZkppiRialfqKIQHiMhqRnkKOIKC+bHT+Bx8YZwDCW5nENZ+7viQxFSqVRYDojpEdqsTY1/6v1Eh1eehnlItGE4/miMGFQx3CaBBxQSbBmqQGEJTW3QjxCEmFt8iqZENzFLy9D+6zmOjX37rxSv8rjKIJDcASqwAUXoA5uQAO0AAYpeAav4M16sl6sd+tj3lqw8pky+CPr8weXLpQS</latexit><latexit sha1_base64="vYYpiMEMXR/6nUet8aiuhXyBB54=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN8Ei1IVlRgRdFt24kgq9QTsOmTTThmYyIckow1BfxY0LRdz6IO58G9N2Ftr6Q+DjP+dwTv5AMKq043xbhZXVtfWN4mZpa3tnd8/eP2irOJGYtHDMYtkNkCKMctLSVDPSFZKgKGCkE4yvp/XOA5GKxrypU0G8CA05DSlG2li+XRb+7X1WfTyZnAq/OSffrjg1Zya4DG4OFZCr4dtf/UGMk4hwjRlSquc6QnsZkppiRialfqKIQHiMhqRnkKOIKC+bHT+Bx8YZwDCW5nENZ+7viQxFSqVRYDojpEdqsTY1/6v1Eh1eehnlItGE4/miMGFQx3CaBBxQSbBmqQGEJTW3QjxCEmFt8iqZENzFLy9D+6zmOjX37rxSv8rjKIJDcASqwAUXoA5uQAO0AAYpeAav4M16sl6sd+tj3lqw8pky+CPr8weXLpQS</latexit><latexit sha1_base64="vYYpiMEMXR/6nUet8aiuhXyBB54=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN8Ei1IVlRgRdFt24kgq9QTsOmTTThmYyIckow1BfxY0LRdz6IO58G9N2Ftr6Q+DjP+dwTv5AMKq043xbhZXVtfWN4mZpa3tnd8/eP2irOJGYtHDMYtkNkCKMctLSVDPSFZKgKGCkE4yvp/XOA5GKxrypU0G8CA05DSlG2li+XRb+7X1WfTyZnAq/OSffrjg1Zya4DG4OFZCr4dtf/UGMk4hwjRlSquc6QnsZkppiRialfqKIQHiMhqRnkKOIKC+bHT+Bx8YZwDCW5nENZ+7viQxFSqVRYDojpEdqsTY1/6v1Eh1eehnlItGE4/miMGFQx3CaBBxQSbBmqQGEJTW3QjxCEmFt8iqZENzFLy9D+6zmOjX37rxSv8rjKIJDcASqwAUXoA5uQAO0AAYpeAav4M16sl6sd+tj3lqw8pky+CPr8weXLpQS</latexit>
p
(I
)
N
 
p
(I
)
T
<latexit sha1_base64="VhjHGwChO1juKkLlgGpiV/70gMk=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN8Ei1IVlRgRdFt3oRir0Bu04ZNJMG5rJhCQjDEN9FTcuFHHrg7jzbUzbWWjrD4GP/5zDOfkDwajSjvNtFVZW19Y3ipulre2d3T17/6Ct4kRi0sIxi2U3QIowyklLU81IV0iCooCRTjC+ntY7j0QqGvOmTgXxIjTkNKQYaWP5dln4dw9Z9fZkcir85px8u+LUnJngMrg5VECuhm9/9QcxTiLCNWZIqZ7rCO1lSGqKGZmU+okiAuExGpKeQY4iorxsdvwEHhtnAMNYmsc1nLm/JzIUKZVGgemMkB6pxdrU/K/WS3R46WWUi0QTjueLwoRBHcNpEnBAJcGapQYQltTcCvEISYS1yatkQnAXv7wM7bOa69Tc+/NK/SqPowgOwRGoAhdcgDq4AQ3QAhik4Bm8gjfryXqx3q2PeWvBymfK4I+szx8JOpO2</latexit><latexit sha1_base64="VhjHGwChO1juKkLlgGpiV/70gMk=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN8Ei1IVlRgRdFt3oRir0Bu04ZNJMG5rJhCQjDEN9FTcuFHHrg7jzbUzbWWjrD4GP/5zDOfkDwajSjvNtFVZW19Y3ipulre2d3T17/6Ct4kRi0sIxi2U3QIowyklLU81IV0iCooCRTjC+ntY7j0QqGvOmTgXxIjTkNKQYaWP5dln4dw9Z9fZkcir85px8u+LUnJngMrg5VECuhm9/9QcxTiLCNWZIqZ7rCO1lSGqKGZmU+okiAuExGpKeQY4iorxsdvwEHhtnAMNYmsc1nLm/JzIUKZVGgemMkB6pxdrU/K/WS3R46WWUi0QTjueLwoRBHcNpEnBAJcGapQYQltTcCvEISYS1yatkQnAXv7wM7bOa69Tc+/NK/SqPowgOwRGoAhdcgDq4AQ3QAhik4Bm8gjfryXqx3q2PeWvBymfK4I+szx8JOpO2</latexit><latexit sha1_base64="VhjHGwChO1juKkLlgGpiV/70gMk=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN8Ei1IVlRgRdFt3oRir0Bu04ZNJMG5rJhCQjDEN9FTcuFHHrg7jzbUzbWWjrD4GP/5zDOfkDwajSjvNtFVZW19Y3ipulre2d3T17/6Ct4kRi0sIxi2U3QIowyklLU81IV0iCooCRTjC+ntY7j0QqGvOmTgXxIjTkNKQYaWP5dln4dw9Z9fZkcir85px8u+LUnJngMrg5VECuhm9/9QcxTiLCNWZIqZ7rCO1lSGqKGZmU+okiAuExGpKeQY4iorxsdvwEHhtnAMNYmsc1nLm/JzIUKZVGgemMkB6pxdrU/K/WS3R46WWUi0QTjueLwoRBHcNpEnBAJcGapQYQltTcCvEISYS1yatkQnAXv7wM7bOa69Tc+/NK/SqPowgOwRGoAhdcgDq4AQ3QAhik4Bm8gjfryXqx3q2PeWvBymfK4I+szx8JOpO2</latexit><latexit sha1_base64="VhjHGwChO1juKkLlgGpiV/70gMk=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN8Ei1IVlRgRdFt3oRir0Bu04ZNJMG5rJhCQjDEN9FTcuFHHrg7jzbUzbWWjrD4GP/5zDOfkDwajSjvNtFVZW19Y3ipulre2d3T17/6Ct4kRi0sIxi2U3QIowyklLU81IV0iCooCRTjC+ntY7j0QqGvOmTgXxIjTkNKQYaWP5dln4dw9Z9fZkcir85px8u+LUnJngMrg5VECuhm9/9QcxTiLCNWZIqZ7rCO1lSGqKGZmU+okiAuExGpKeQY4iorxsdvwEHhtnAMNYmsc1nLm/JzIUKZVGgemMkB6pxdrU/K/WS3R46WWUi0QTjueLwoRBHcNpEnBAJcGapQYQltTcCvEISYS1yatkQnAXv7wM7bOa69Tc+/NK/SqPowgOwRGoAhdcgDq4AQ3QAhik4Bm8gjfryXqx3q2PeWvBymfK4I+szx8JOpO2</latexit> he y
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FIG. 4. Pressure difference (pN−pT ) arising from (a) interac-
tion pressure, (b) wall interaction and (c) swim contribution
as a function of distance from wall for δ = 1.59, P e = 240
(orange curve) and δ = 1.85, P e = 240 (violet curve). The
swim pressure difference peaks near the liquid-vapor interface,
while the interaction and wall pressure difference contributes
in the dense-phase. (d) Distributions of particle orientation
normal to the wall, and (e) density distribution, as a function
of normal distance from the wall for δ = 1.59 (orange) and
δ = 1.85 (violet) at Pe = 240. Simulations are performed
for N = 39800. The shaded region indicate the location of
liquid-vapour interface.
analyse systems at Pe = 240, which provides a stable
CDP at δ = 1.59, but form droplets at δ = 1.85. Also, in
the latter case, the dense-phase remains in CDP for a sig-
nificant amount of time (cf. Fig. 1(c)), before they break-
up into droplets. The geometric similarity between the
stable CDP (δ = 1.59) and the ‘unstable’ CDP δ = 1.85,
allows us to directly compare the distribution of pN/T in
these cases. We choose those configurations which remain
as CDP for this comparison. In Fig 4(a)-(c), we plot the
difference, (pN −pT ) for the three pressure contributions
for δ = 1.59 and δ = 1.85 as a function of y. Interest-
ingly, we find significant difference (p
(I)
N −p(I)T ) inside the
dense-phase and away from the wall (Fig. 4(a)), which
eventually vanishes near the liquid-vapour interface. This
behaviour is in contrast with the observations in systems
without the walls, where (p
(I)
N − p(I)T ) vanishes inside the
dense-phase [45]([74]). This result indicates that, even
though the wall force acts only on the first contact layer
of ABPs, it alters the stress distribution over multiple
dense-phase layers. Also, for δ = 1.59, (pIN − pIT ) < 0 in
the dense-phase while it is weakly positive for δ = 1.85
(Fig 4(a)). The contributions from direct wall interaction
is non-zero only within a distance . 21/6σ from the wall
(Fig. 4(b)). The swim pressure difference, (p
(s)
N − p(s)T ) is
not significant in the dense-phase whereas it shows a large
(negative) value near the liquid-vapour interface as ob-
served previously (Fig 4(c)). Using these measurements,
we define the wall-liquid surface tension,
γwl =
1
2
∫ L/2
−L/2
{(p(I)N − p(I)T ) + (p(w)N − p(w)T )}dy, (5)
by extending the approach used in equilibrium wetting
phenomena [71, 72]. The swim pressure is neglected in
Eq, 5, since it is negligible near the wall. Also, the tan-
gential component of p(w) does not vanish since the par-
ticles can penetrate the wall. Our calculations indicate
that when δ = 1.85, the wall acts as a high-energy surface
(γwl ' 237) and δ = 1.59 as a low-energy surface (γwl '
−208), consistent with the observed spreading behaviour.
We also observe a steady increase in γwl with increase in
Pe at δ = 1.85 ([74]) as the dense-phase shows increasing
tendency to form droplets. We also calculate the liquid-
vapour interfacial tension γlv =
1
2
∫ L/2
−L/2(p
(s)
N − p(s)T )dy,
considering that (p
(I/w)
N − p(I/w)T ) has negligible contri-
bution at the liquid-vapor interface. Subsequently, we
define a spreading parameter S = −(γwl + γlv) following
the approach in equilibrium surface-wetting studies [75].
Here we ignore γwv as its values are not significant. We
obtain S(δ = 1.59) > S(δ = 1.85) which is consistent
with the observed spreading behaviour. However, we
couldn’t observe this trend in S when we repeat anal-
ysis by varying Pe from 120-240 at δ = 1.85, where the
preference to form droplets increase with Pe. This in-
consistency is due to the large negative value of γlv, con-
tradicting the mechanical stability of the liquid-vapour
interface. We also note that, unlike the interaction pres-
sure, p(s) is more difficult to estimate locally, partly due
to its sensitivity to the finite system size.
The observed difference in interaction pressure com-
ponents is due to the modification of inter-particle in-
teraction in the dense-phase in the presence of wall, as
we do not observe such a difference in its absence [74]).
Since the ABP interactions are linked to the local par-
ticle orientation and the density, we compare the orien-
tation 〈eˆy〉(y) (Fig. 4(d)), and the density ρ(y) distri-
butions (Fig. 4(e)), as a function of distance from the
wall y, for δ = 1.59 and δ = 1.85 at Pe = 240. Evi-
dently, an increase in wall porosity increases the width
and decreases the peak value of the ρ(y). We observe a
similar trend in 〈eˆy〉 (Fig. 4(d)). The orientation distri-
bution indicates a non-zero mean orientation inside the
dense-phase, whereas such an orientational preference is
localized in the liquid-vapour interface in the absence of
walls ([74]). Since the active force along the particle ori-
entation is balanced by the interaction force, a change in
mean orientation influences the stress distribution, hence
the change in (p
(I)
N −p(I)T ). Also, a broader density distri-
bution indicates enhanced structural disorder, triggered
by particles crossing the wall, which effectively changes
the interaction energy inside the dense-phase.
In summary, we demonstrate that a morphological
transition in the dense-phase on porous walls by ABPs
can be achieved either by changing the wall porosity or
the particle motility. This transition is reversible, and the
wall spreading of the dense-phase can be tuned by alter-
ing these two quantities. The droplet formation on the
walls coincides with an increase in effective wall-liquid
interfacial tension. Higher wall porosity influences the
physical properties of the dense-phase by altering the lo-
cal density and the polarity, which leads to a change in
interaction pressure in the dense-phase. These observa-
5tions imply that the underlying reason for morphological
transformation is more general and can be observed in
a variety of ways. A general understanding of this phe-
nomenon requires the development of theoretical mod-
els for active-morphological transitions. Understanding
such morphological transitions can be useful for many
practical applications, such as the design of surfaces that
prevent microbial spreading, especially in the context of
recent studies [29] revealing the role of MIPS in the ag-
gregation of Myxococcus xanthus.
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